The room-temperature (RT) adsorption and surface reactions of styrene on Si(100)2×1 have been investigated by thermal desorption spectrometry, low-energy electron diffraction, and Auger electron spectroscopy. Styrene is found to adsorb on Si(100)2×1 at a saturation coverage of 0.5 monolayer, which appears to have little effect on the 2×1 reconstructed surface. The chemisorption of styrene on the 2×1 surface primarily involves bonding through the vinyl group, with less than 15% of the surface moiety involved in bonding through the phenyl group. Except for the 2×1 surface where molecular desorption is also observed, the adsorbed styrene is found to undergo, upon annealing on the 2×1, sputtered and oxidized Si(100) surfaces, different thermally induced processes, including hydrogen abstraction, fragmentation, and/or condensation oligomerization. Condensation oligomerization of styrene has also been observed on Si(100)2×1 upon irradiation by lowenergy electrons. In addition, large postexposure of atomic hydrogen to the chemisorbed styrene leads to Si-C bond cleavage and the formation of phenylethyl adspecies. Hydrogen therefore plays a decisive role in stabilizing and manipulating the processes of different surface reactions by facilitating different surface structures of Si.
Introduction
For several decades, the rapid pace of progress in the semiconductor industry has been demonstrated with the most frequently cited trend in "integration level". The so-called Moore's law (the number of components per chip doubles every 18 months) 1 has become a perpetual challenge to modern technologies in developing new solutions for the miniaturization of electronic devices, which is rapidly approaching the nanometer scale. 2 Due to their unique physical and electronic properties, organic semiconductors represent a viable material for improving both the functionality and miniaturization, 3 and they promise new technological applications in the emerging nanoelectronics industry. [4] [5] [6] [7] Many applications of organic semiconductors rely on the synthesis of fully conjugated organic polymers, or conducting polymers. 8 Molecular engineering of π-conjugated oligomers and polymers has therefore become especially important to producing well-characterized organic nanoscale structures and devices. 9 Si(100) is one of the most important substrates for fabrication of microelectronic devices. 10, 11 With its special structural and electronic properties, 12, 13 particularly the close analogy of Si dimers to a carbon-carbon double bond (CdC), Si(100) provides an ideal platform for building hybrid devices by seeding unsaturated hydrocarbons on the template generated by the directional dangling bonds of the (100) surface. Recent studies of the interactions of unsaturated hydrocarbons with Si(100) have exploited many promising opportunities for the development of atomically well-defined and ordered surface functionalities that form the basis of molecular devices and nanoelectronics as well as biotechnology. 3, 14, 15 Aromatic hydrocarbons (e.g., benzene) and chainlike alkenes (e.g., ethylene) are the basic building blocks for constructing "conjugated" structures in most conducting polymer materials. 8, 9 Styrene (or vinylbenzene) therefore represents one of the most fundamental combinations of a hexacyclic aromatic unit (the phenyl group) with the smallest alkene (the vinyl group). The interaction of benzene with silicon has been the subject of extensive experimental [16] [17] [18] [19] [20] [21] and theoretical studies. [22] [23] [24] [25] [26] [27] These studies show that chemisorption of this homocyclic aromatic compound on Si(100)2×1 follows the Diels-Alder cycloaddition mechanism, giving rise to a di-σ-bonded cyclohexa-2,5-dien-1,4-diyl (and cyclohexa-3,5-dien-1,2-diyl) adsorption species. Adsorption of ethylene on Si(100) has also been well studied, both experimentally [28] [29] [30] [31] [32] [33] and theoretically, [34] [35] [36] and is found to form a di-σ-bonded ethane-1,2-diyl with a Si dimer. Styrene is a particularly interesting molecule because, unlike benzene, the presence of a vinyl group in styrene provides the prospect of polymerization. Adsorption of styrene on Si(100) could therefore provide a benchmark system for investigation of surface interactions and processes that are prototypical of organic semiconductors. 3 Relative to benzene and ethylene, styrene is expected to undergo more complex yet selective chemisorption on Si(100). To date, only a limited number of studies have been made for styrene on Si(100) surfaces and none on the respective thermally or electron induced surface processes. In particular, a recent Fourier transform infrared (FTIR) spectroscopic study by Schwartz et al. 37 has shown that this high selectivity involves bonding through the vinyl group with the aromatic ring (the phenyl group) unperturbed. Using the tip of a scanning tunneling microscope (STM) to initiate adsorption of styrene on a H-terminated Si(100)2×1 surface, Lopinski et al. 38 have demonstrated self-directed growth of molecular wires along the direction of the Si-dimer row.
In the present work, we examine the interactions of styrene with the 2×1 and modified surfaces of Si(100) using thermal desorption spectrometry (TDS), low-energy electron diffraction (LEED), and Auger electron spectroscopy (AES) to better understand not only the important roles of the vinyl and phenyl groups in organosilicon surface chemistry but also the nature of different thermal surface processes for different surface conditions. Factors that could be used to monitor and control plausible synthesis steps of well-defined organic semiconductors in the nanoscale are of particular interest. The present result is also compared with our earlier work on homocyclic (benzene and toluene) 39 and heterocyclic (pyridine) unsaturated hydrocarbons on Si(100). 40 In addition to the multitude of thermally induced processes (other than molecular desorption), the effects of low-energy electron irradiation and postexposure of atomic hydrogen to the adsorbed styrene are also investigated.
Experimental Section
The experimental setup and procedure for the TDS experiments have been described in detail elsewhere. 39 Briefly, the experiments were conducted in a home-built dual-chamber ultrahigh vacuum (UHV) system with a base pressure better than 5 × 10 -11 Torr. A 12.5 × 3.5 mm 2 substrate was cut from a polished p-type B-doped Si(100) wafer (0.4 mm thick) with a resistivity of 0.0080-0.0095 Ω‚cm. The Si sample was mechanically fastened to the sample holder at both ends by Mo supporting plates and retaining bars, with small Si spacers sandwiched between the Mo supports and the Si sample to minimize thermal contact between the sample and the rest of the manipulator while a good electrical connection was maintained. A type-K thermocouple, wrapped in a piece of Ta foil, was inserted between the Si spacers and mechanically fastened to one end of the Si sample by a Mo bar. A home-built programmable proportional-integral-differential temperature controller was used to provide linear temperature ramping at an adjustable heating rate, typically set at 2 K/s for the present TDS experiments.
Before introduction into the UHV chamber, the Si sample was precleaned by using a typical RCA procedure 41 that involves soaking in a basic peroxide solution consisting of equal parts of H 2 O 2 (30%) and NH 4 OH (30%) in 5-20 parts of water. This treatment was effective in both removing light organic contamination and providing a thin oxide film, which made the surface less susceptible to organic and particulate contamination. 42 After the bake-out, the sample was outgassed at 900 K for 20 h until the pressure recovered to below 2 × 10 -10 Torr. The temperature of the sample was then rapidly increased to 1500 K while the vacuum was carefully kept below 1 × 10 -9 Torr. Unlike benzene, styrene was found to be much more "sticky" on the Si surface, and any amount of carbon left after each anneal would cause a contamination problem if the surface was treated immediately with a high-temperature flash-anneal (a procedure commonly employed in STM experiments). Instead, the Si sample was first treated with several cycles of sputtering and low-temperature anneal (below 850 K), before a flash-anneal to 1500 K was applied. The cleanliness of the Si(100) surface was verified by AES with the near-surface carbon concentration below its detection limit (typically 5% for a retarding-field LEED optics) and by a sharp 2×1 LEED pattern at room temperature (RT). This cleaning method can be used to prolong the use of a single sample, and a Si sample could easily survive 50 TDS runs before replacement.
The chemicals [styrene (99+% purity), styrene-d 8 (98+% D purity), and styrene-ring-d 5 (98% D purity)] used in the present study were obtained commercially from Aldrich and Cambridge Isotope Laboratories and were degassed by repeated freezepump-thaw cycles prior to use. Sample dosing was performed by back-filling the sample preparation chamber with a precision leak valve to an appropriate pressure, as monitored by an uncalibrated ionization gauge. All exposures [in units of Langmuir (1 Langmuir ) 10 -6 Torr‚s)] were performed at RT unless stated otherwise.
Results and Discussion

RT Adsorption at Various Exposures.
The adsorption of styrene on Si(100)2×1 at RT was studied as a function of exposure by LEED and AES. Upon different exposures of styrene to the Si(100) surface at RT, only a slight increase in the background intensity was observed in the two-domain (2×1) LEED pattern characteristic of a clean Si(100) surface, which shows that the dimer-row structure of the Si substrate is generally preserved after the adsorption of styrene. The peakto-peak ratio of the C(KLL) Auger peak to that of the Si(LVV) Auger peak is used to indicate the relative carbon moiety. Figure  1 compares this ratio as a function of RT exposure for styrene and benzene on Si(100)2×1 and each with the corresponding results expected from first-order and second-order adsorption kinetics. Evidently, both the first-and second-order kinetics are in good accord with the experimental data, indicating that our present data may not be sufficiently sensitive to differentiate the adsorption order. For styrene, the ratio appears to reach its saturation value at 10 Langmuir exposure, which generally marks the completion of adsorption of the first monolayer (ML). The saturation coverage of benzene has been estimated to be 0.27 ML by Taguchi et al. 16 From the ratio of the saturation values of styrene (21.3%) and benzene (8.0%) and after the number of carbon atoms in styrene (8) and benzene (6) is taken into account, we determine the saturation coverage for styrene to be 0.5 ML, which corresponds approximately to one styrene molecule per Si dimer on the 2×1 surface. Figure 2 shows the TDS profiles of mass 112 (parent mass) and mass 4 corresponding to molecular and recombinative D 2 desorption, respectively, for different RT exposures of styrened 8 on Si(100)2×1. It should be noted that deuterated styrene was used in our TDS experiments in order to avoid the large H 2 background commonly found in stainless steel UHV chambers. In addition to the parent mass (mass 112), other smaller ionic fragments including mass 110 (C 8 D 7 ), mass 84 (C 6 D 6 ), and mass 56 (C 4 D 4 ) were also monitored during the TDS experiments (not shown). Since their corresponding peak intensity ratios were found to be in good accord with the respective ratios in the cracking pattern of styrene-d 8 43 over the same temperature range (of 350-700 K) as that for mass 112, these smaller mass fragments could be attributed to dissociation of molecularly desorbed styrene-d 8 in the ionizer of the quadrupole mass spectrometer (QMS). These TDS profiles therefore indicate that styrene-d 8 desorbs molecularly from Si-(100)2×1 over this temperature range. The TDS intensity for molecular desorption reaches saturation at ∼10 Langmuir exposure (not shown), which is in good accord with the AES result for the adsorption of styrene (Figure 1 ). Evidently, two desorption states are observed for molecular desorption ( Figure  2 ). The primary feature for the molecular desorption of styrene is found to have a desorption maximum at 560 K. The similarity in the temperature of this desorption maximum to that for ethylene (590 K) on Si(100)2×1 28, 29 suggests that the predominant chemisorption configuration involves di-σ bonding between the vinyl group and the Si dimer. This bonding geometry for styrene on Si(100)2×1 has also been concluded from an earlier FTIR study by Schwartz et al. 37 Moreover, a minor desorption pathway is found to exhibit a desorption maximum at 430 K, which is similar to those of the primary molecular desorption features found in our previous TDS studies on benzene, toluene, 39 and pyridine on Si(100)2×1. 40 This similarity suggests a similar molecular adsorption state involving bonding of the phenyl group, which may include di-σ-bonding to a single Si dimer 24 and/or tetra-σ-bonding to two Si dimers. 25 The relative intensity ratio of the two molecular desorption features at saturation coverage in Figure 2a shows that only 15% of desorption comes from phenyl-bonded structures (at 430 K) while the majority originates from vinyl-bonded structures (at 560 K). However, the phenyl-bonded structure has not been reported in the earlier FTIR work, 37 which could be due to the sensitivity of the FTIR technique in detecting weakly adsorbed species. Furthermore, the TDS feature for the phenyl-bonded adspecies (at 430 K) appears to reach saturation at a lower exposure than the feature for the vinyl-bonded adspecies (at 560 K), which is consistent with the larger footprint required for the phenyl-bonded structure.
To understand the geometries and binding energies for different adsorption structures, we performed ab initio density functional calculations for styrene interacting with a triple dimer Si 21 H 20 , employed for modeling the Si(100)2×1 surface, using the Gaussian 98 program. 44 In particular, the hybrid functionals consisting of Becke's three-parameter nonlocal exchange functional and the correlation functional of Lee-Yang-Parr (B3LYP) 45 were used along with the 6-31G(d) basis set. Figure  3 shows the optimized geometries for the vinyl-bonded (cisphenylethene-1,2-diyl) and phenyl-bonded (2-vinylcyclohexa-2,5-diene-1,4-diyl) adsorption structures. The corresponding binding energies with zero-point energy corrections, ∆E, are found to be -35.2 and -23.4 kcal/mol, respectively, which is consistent with our assignment that the phenyl-bonded adspecies would be desorbed at a lower temperature than the vinyl-bonded adspecies ( Figure 2a ). Furthermore, similar calculations have been performed for ethylene and for benzene and found to have corresponding binding energies of -41.2 and -16.7 kcal/mol, respectively. The similar magnitudes of the calculated binding energies for the vinyl-bonded styrene and ethylene and those for the phenyl-bonded styrene and benzene further support our assignments for the molecular desorption features in Figure 2 . It should be noted that improved calculations involving a larger basis set are not expected to significantly change the qualitative nature of the adsorption configurations. Other conformers of the cyclohexadienediyl adspecies have also been considered and found to have a smaller magnitude for the binding energy.
Hydrogen Evolution.
In addition to the molecular desorption profiles, Figure 2 also shows the mass 4 (D 2 ) TDS profiles with maxima at 810 K for RT exposures of styrene-d 8 on Si(100)2×1. It should be noted that the TDS profiles for normal and deuterated styrene are found to be identical in our TDS experiment, indicating that isotopic effect is not important for the adsorption process. The desorption maximum at 810 K appears to be quite stationary with increasing exposure in the D 2 TDS profile (Figure 2b ), which suggests predominant first-order kinetics as a result of recombinative molecular desorption from Si monohydride. 46, 47 The slightly higher temperature of the desorption maximum from that of monohydride desorption by 20 K 46,47 and the broad mass 4 profile extending to 1000 K ( Figure  2b ) are related to contributions from different sources of atomic hydrogen on the surface during the thermal desorption process. As observed in our previous TDS studies for toluene 39 and pyridine on Si(100), 40 hydrogen abstraction of styrene near or below its molecular desorption temperature could generate a comparable moiety of atomic hydrogen and other dissociated products, which could undergo further hydrogen abstraction mediated by the surface at a higher temperature than that of molecular desorption. This hypothesis is supported by earlier studies. 37, 48, 49 In particular, the FTIR study by Schwartz et al. 37 also reported a Si-H stretching feature indicative of C-H bond cleavage in the vinyl group of styrene upon adsorption at RT. Furthermore, similar TDS behavior for hydrogen desorption has also been obtained by Taylor et al. 48 for the adsorption and decomposition of acetylene on Si(100)2×1. Using high-resolution electron energy-loss spectroscopy, Huang et al. 49 later found that the dissociation of adsorbed acetylene occurs via C-H bond breakage over a wide temperature range (>150 K) starting from 750 K, which is below the molecular desorption temperature of C 2 H 2 .
Similar to that observed for the adsorption of toluene on Si(100)2×1, 39 the intensity of D 2 desorption (Figure 2b ) in the adsorption of styrene on Si(100)2×1 is over 10-fold higher than that for the corresponding molecular desorption (Figure 2a) . However, unlike the molecular desorption that increases to a saturation level with exposure (10 Langmuir), the D 2 desorption reaches its maximum at ∼4 Langmuir exposure of styrene-d 8 and then evidently decreases at a higher exposure (Figure 2b ). This "anomalous" desorption behavior can be explained if the hydrogen abstraction is not instantaneous upon adsorption of styrene and it could be approximated as a separate step after the completion of the RT adsorption. As an example, we consider the simple case of complete hydrogen abstraction. Starting with an initial coverage of styrene θ (with its value between 0 and 1), which corresponds in effect to the occupancy per Si dimer, the change in the surface concentration of the adsorbed styrene, x, that undergoes hydrogen abstraction can be written as follows:
The maximum change x max for complete hydrogen abstraction (reaction going to the right) would occur when θ -x f 0 or (1 -θ) -x f 0, that is, when θ ) 0.5 in this case. In our experiment, x max is found to occur at a coverage of 0.8-0.9, which is larger than the value obtained for complete abstraction (0.5). This difference could be due to incomplete abstraction reaction at RT, as demonstrated by the amount of molecular desorption at a lower exposure (Figure 2a) . Furthermore, the availability of vacated sites released in the thermal desorption process could also shift x max to a larger exposure.
To determine whether the phenyl group is involved in the hydrogen abstraction of styrene, the TDS profiles for a 10 Langmuir RT exposure of styrene-ring-d 5 (i.e., with just the phenyl group deuterated) are compared with those of a similar exposure of styrene-d 8 to Si(100)2×1 in Figure 4 . It should be noted that the TDS profile of mass 2 (H 2 ) for (normal) styrene has also been obtained (not shown) and found to be essentially identical to the corresponding TDS profile of mass 4 (D 2 ) for styrene-d 8 on Si(100)2×1 (Figure 4b ), indicating that our present result is not sufficiently sensitive for detecting any weak kinetic isotope effect. Similarly to that shown in Figure 2 (Figure 4b ), the molecular desorption depicted in Figure 4a is considerably weaker than the hydrogen evolution. The TDS profiles of the parent mass for styrene-ring-d 5 (mass 109) and styrene-d 8 (mass 112) are effectively identical. The integrated intensity and the overall shape of the sum of the mass 2 TDS profile (with desorption maximum at 800 K) and mass 4 TDS profile (with desorption maximum at 870 K) for styrene-ring-d 5 (Figure 4a ) are found to be similar to those of the mass 4 TDS profile for styrene-d 8 (Figure 4b ), which indicates that hydrogen abstraction can occur not just from the vinyl group but also from the phenyl group at a higher temperature. Below 700 K, the hydrogen atoms abstracted from the vinyl group of the adsorbed styrene evidently dominate the monohydride state on the Si(100)2×1 surface, and these hydrogen atoms start to desorb near 600 K. Above 700 K, on the other hand, the majority of hydrogen abstraction comes from the phenyl group. The present TDS results are consistent with the FTIR study by Schwartz et al. 37 In particular, from the FTIR spectra recorded at RT for a 10 Langmuir RT exposure of styrene-d 3 (i.e., with just the vinyl group deuterated) to Si(100)2×1, Schwartz et al. 37 observed the emergence of the Si-H stretching mode (at 2060 cm -1 ) upon annealing to 500-700 K (in addition to the Si-D stretch found at RT), which indicates that hydrogen evolution from the phenyl group occurs at the higher temperature. In the aforementioned di-σ vinylbonded geometry of styrene on Si(100)2×1 observed at RT, the "dangling" phenyl group is unattached to the Si surface, which gives rise to a similar FTIR spectrum as that of a free benzene molecule but different from that of benzene adsorbed on Si(100)2×1 in a cyclohexadiene-like adsorption geometry [as supported by the lack of C-H stretching vibration involving sp 3 -hybridized (alkanelike) carbons]. 37 Upon thermal excitation during annealing, the "dangling" phenyl group could become sufficiently close to the Si surface and attach to a substrate Si atom with the release of a phenyl H atom (onto a Si monohydride site) shown schematically below:
The attachment (bridging) of the phenyl group onto a second Si dimer is supported by the reduction in the number of FTIR features in the 3010-3080 cm -1 region, 37 indicative of the general increase in the number of hydrogen substitutions and replacements by bonding to the surface. 50 This picture is also consistent with a higher desorption maximum for recombinative desorption of the phenyl H atoms (870 K) than that of the vinyl H atoms (800 K). Another possible pathway for hydrogen evolution from the phenyl group is through adsorbate-adsorbate interaction, that is, condensation oligomerization, which will be discussed in more detail elsewhere. 51 3.3. Electron Irradiation of Styrene on Si(100)2×1. Figure  5 shows the effects of low-energy electron irradiation on the TDS profiles of masses 109 (parent mass), 28, 4, and 2 for a 10 Langmuir RT exposure of styrene-ring-d 5 to Si(100)2×1. Electron irradiation (EI) was performed on the Si sample (held at 80 V bias potential) for 30 min at 0.2 mA with electrons thermionically emitted from a hot W filament positioned 5 cm away. Evidently, electron irradiation greatly diminishes desorption of the parent mass (Figure 5a ), suggesting a significantly reduced moiety of molecularly adsorbed styrene on the electronirradiated sample, which is likely due to electron-induced desorption 52 or to conversion to other (smaller dissociated or larger oligomerized) adspecies. In addition to the parent mass (mass 109), other smaller ionic fragments including mass 108 (C 6 D 5 C 2 H 2 ), 83 (C 6 D 5 H), and 54 (C 4 D 2 H 2 ) were also monitored during the TDS experiments. The TDS profiles of these smaller fragments (not shown) closely follow that of the parent mass, indicating that they originate from dissociation of the molecularly desorbed styrene-ring-d 5 in the ionizer of the QMS. On the other hand, the TDS profile of mass 28 ( Figure 5b ) corresponds to desorption of dissociated fragments (C 2 D 2 or C 2 H 4 ) arising from electron irradiation of the adsorbed styrene. Without EI, only a very weak mass 28 desorption feature can be found in the 350-700 K region, generally indicating relatively weak dissociation of styrene (into smaller hydrocarbon fragments) upon adsorption and during the TDS experiment. Electron irradiation appears to significantly enhance the desorption profile of mass 28 (Figure 5b ) with two desorption maxima at 480 and 760 K. Because the molecular desorption maximum for C 2 H 4 on Si(100)2×1 is normally found at 550 K, 29 the desorption maximum of mass 28 at 480 K can be attributed to the dissociative desorption resulting from the vinyl group of the styrene adsorbed on Si(100) upon EI. The lower temperature for the desorption maximum observed for the present case (480 K) than that for ethylene (550 K) is consistent with the less negative binding energy calculated for the vinylbonded styrene (-35.2 kcal/mol, Figure 3a) relative to that for C 2 H 4 (-41.2 kcal/mol, see section 3.1). Furthermore, molecular desorption of acetylene from Si(100)2×1 has been reported with a desorption maximum at 690-740 K. 48 The desorption maximum for the higher-temperature feature of mass 28 (at 760 K) in Figure 5b could therefore be attributed to C 2 D 2 , which is evidently produced by electron-induced dissociation of the phenyl-d 5 group of the adsorbed styrene-ring-d 5 at RT.
The majority (∼90%) of the mass 2 desorption for the electron-irradiated sample is found to occur above 700 K with a desorption maximum at ∼800 K, which is similar to that found for styrene-ring-d 5 /Si(100)2×1 without electron irradiation (Figure 5d ). The small amount of desorption at 450-650 K could correspond to H 2 originated from the cracking of some dissociative products. On the other hand, there is a considerable reduction in the relative intensity and a discernible shift in the desorption maximum from 870 to 930 K for the mass 4 TDS profile for the adsorbed styrene-ring-d 5 upon electron irradiation (Figure 5c ). The reduction in the relative intensity of the mass 4 TDS profile could be due to the reduced moiety of phenyl group caused by electron-induced dissociation to produce fragments such as C 2 D 2 (mass 28). Hydrogen evolution could be due to recombinative desorption of H atoms abstracted from the adsorbates or to condensation oligomerization of the adsorbates. In the latter case, the reduced surface mobility and enhanced steric effect of larger molecules (oligomers) are expected to introduce a higher reaction activation barrier that requires a correspondingly higher temperature to overcome. Detailed mechanisms about hydrogen evolution in cyclic hydrocarbons on Si(100) are discussed elsewhere. 51 In particular, surface condensation oligomerization of pyridine on Si(100)2×1 at RT was found upon low-energy electron irradiation at RT. 40 In this case, the condensation oligomerization process was marked by a shift in the TDS maximum for hydrogen evolution to a higher temperature (910 K) relative to that of recombinative desorption from monohydrides abstracted from adsorbed pyridine monomers or its smaller fragments (∼800 K). Together with the small shoulder appearing at 930 K of the mass 2 TDS profile (Figure 5d ), the similarity in the observed shift in the desorption maximum for mass 4 in styrene-ring-d 5 (Figure 5c ) suggests electron-induced oligomerization of styrene at RT, as in the case proposed for pyridine. 40 In accord with our previous TDS experiments, 51 the present work appears to support the general observation that the larger the size of the unsaturated organic adsorbate, the higher the temperature for hydrogen evolution. For instance, the desorption maximum for hydrogen evolution is found to increase from 790 K for surface monohydride to 800 K for vinyl group (Figure 4a) , 870 K for phenyl group (Figure 4a) , and 930 K for oligomers (Figure 5c ) observed in the present work.
Surface Conditions Study.
For completeness, we also compare in Figure 5 the TDS profiles for molecular desorption (mass 109) and desorption of dissociative products (masses 28, 4, and 2) for the 2×1 surface with those for the modified surfaces of Si(100) exposed to 10 Langmuir of styrene-ring-d 5 at RT. The amorphous Si (a-Si) surface was produced by ion sputtering in 4 × 10 -5 Torr of Ar at 1 keV ion impact energy for 20 min, while the oxidized Si(100) surface was obtained by exposing a clean 2×1 surface with 100 L of O 2 at RT. The lack of any long-range order for both a-Si and oxidized Si surfaces was confirmed by the absence of a LEED pattern (below 100 eV electron beam energy).
The shapes and desorption maxima of the TDS profiles for molecular desorption (mass 109, Figure 5a ), D 2 (mass 4, Figure  5c ), and H 2 (mass 2, Figure 5d ) for a-Si are found to be similar to those observed on the clean Si(100)2×1 surface. For a-Si, the TDS intensities for molecular and D 2 desorption are found to be greatly reduced (by over 70%), in contrast to an increase in the H 2 desorption, all relative to the 2×1 surface. The reduction in molecular desorption is likely due to the loss of Si dimer sites (appropriate for molecular adsorption) on the a-Si surface. In contrast to the generally weak and broad band of mass 28 for the 2×1 surface at 600 K, there are three strong mass 28 desorption features centered at 440, 730, and 900 K for a-Si (Figure 5b ). On the other hand, the TDS profile of mass 26 (not shown) reveals a single desorption feature near 730 K for the a-Si sample. From the earlier work, 48 the mass 28 desorption feature at 730 K could only come from desorption of acetylene (C 2 D 2 ), which should also exhibit a corresponding mass 26 (C 2 D) TDS profile at approximately 20% of the TDS intensity of the parent mass (C 2 D 2 ) according to the cracking pattern of acetylene. 43 After removal of this contribution due to C 2 D 2 (with its origin likely coming from the dissociation of the phenyl group of the adsorbed styrene-ring-d 5 ) in the mass 26 TDS profile, we obtain a similar amount of contribution from the parent mass of C 2 H 2 (as that originated from C 2 D 2 ), which could come from dissociation of the vinyl group. Given the lack of any discernible features of mass 26 at the corresponding temperatures, the other TDS features of mass 28 at 440 and 900 K (Figure 5b ) could be attributed to dissociative desorption of C 2 D 2 from the phenyl group of adsorbed styrene-ring-d 5 . The increase in the mass 28 TDS profile for a-Si surface with respect to that for the 2×1 surface (Figure 5b) suggests that there are evidently more active sites available for dissociation on the a-Si surface. Figure 5 also shows the TDS profiles of masses 109, 28, 4, and 2 for a 10 Langmuir RT exposure of styrene-ring-d 5 on an oxidized Si(100) surface. Evidently, the total amounts of desorption of molecular (mass 109, Figure 5a ) and dissociative products (mass 28, Figure 5b ) are found to decrease significantly with respect to that for Si(100)2×1, while the corresponding TDS profile of mass 2 (Figure 5d ) is reduced to featureless, which could be attributed to the loss of active adsorption sites due to oxidation. In particular, the lack of any discernible mass 2 (H 2 ) desorption suggests that hydrogen abstraction from the vinyl group on the 2×1 surface is blocked by the passivation of Si dangling bonds by oxygen. Passivation of the active sites can also be achieved by H atoms as demonstrated in a separate TDS experiment for styrene-d 8 on a H-terminated Si(100)1×1 surface, in which no desorption of mass 112 (parent mass of styrene-d 8 ), 28, or 4 was observed (not shown). On the other hand, the TDS intensity of mass 28 for the oxidized surface is found to increase considerably and shift toward a higher temperature with respect to that for the 2×1 surface ( Figure  5b ). The lack of any corresponding lower mass fragments, for example, mass 26, suggests that mass 28 is not due to desorption of C 2 D 2 or C 2 H 4 fragments but possibly to associative desorption of CO. Since the temperature of the desorption maximum for molecular desorption of CO on Si(100) (180 K) 53 [with the corresponding adsorption energy of CO on Si(100)2×1 estimated to be -(17-19) kcal/mol 54 ] is found to be considerably lower than the observed desorption maximum (1040 K) in Figure 5b , other dissociation channels by which C readily combines with O on the oxidized surface to produce the desorbed CO could be activated (Figure 5b ). The latter is consistent with an ascending shape and shift of the observed mass 4 TDS intensity toward the higher temperature side ( Figure  5c ) similar to the mass 28 profile (Figure 5b ), which could be due to hydrogen evolution in this high-temperature region.
3.5. Surface-Mediated Hydrogenation Reactions. To investigate the interaction of atomic hydrogen with styrene adsorbed on Si(100)2×1, the sample saturated with a 100 Langmuir RT exposure of styrene-d 8 was postexposed with H atoms generated from 3000 L of H 2 with a hot W filament positioned 2 cm away. To minimize the effect of radiative heating from the hot filament during the hydrogen activation, liquid nitrogen was used to keep the sample near or below RT. After the posthydrogenation (PH), the diffused 2×1 LEED pattern for the styrene-d 8 saturated surface was changed to a 1×1 pattern, which indicates total destruction of the surface reconstruction involving the Si dimers. Evidently, the TDS features for the molecular (mass 112) desorption from both phenyl-bonded adspecies (at 460 K) and vinyl-bonded adspecies (at 560 K) shown in Figure 6 are greatly diminished. However, new desorption states with maxima at 700 and 750 K are observed for the posthydrogenated sample. The nature of these two states will be discussed below. Like the case without posthydrogenation, the mass 84 (C 6 D 6 ) TDS profile for the sample with posthydrogenation appears to follow the TDS profile of the parent mass, which suggests that mass 84 is due to electron dissociation of the molecularly desorbed styrene-d 8 in the ionizer of the QMS. The stronger TDS maxima of mass 83 (C 6 D 5 H) and of masses 32 (C 2 D 4 ), 28 (C 2 D 2 or C 2 H 4 ), and 26 (C 2 H 2 ), all at 750 K, suggest that these fragments are predominantly due to associative desorption of H (from the surface) with the phenyl group and with the vinyl group, respectively, both of which involve isotopic mixing of H and D. Similar increase in the temperature of desorption maxima for molecular desorption has also been reported in our earlier studies on (methyl)cyclohexene and (methyl)cyclohexadiene on Si(111)7×7, [55] [56] [57] the TDS profiles of which provide strong evidence for the production of (toluene) benzene by dehydrogenation on Si(111)7×7 upon the TDS process. The desorption maxima for both molecular and dehydrogenated products were also found to be shifted by 100 K to 670 K, similar to the desorption maximum of dihydride (650 K). We have also performed the same TDS experiment for 100 Langmuir exposure of styrene-ring-d 5 In Figure 6 , the two intense TDS features of mass 2 with maxima at 680 and 800 K for the posthydrogenated styrened 8 /Si(100)2×1 sample are found to be similar to those arising from recombinative thermal desorption, respectively, from dihydride and monohydride on a H-terminated Si(100) surface. 46, 47 Two mass 4 TDS features with maxima located at 820 and 900 K are found for the posthydrogenated sample ( Figure  6 ). In comparison with the TDS profile for the styrene-d 8 /Si-(100) sample without H postexposure, the corresponding mass 4 TDS profile for the posthydrogenated styrene-d 8 /Si(100) sample nearly doubles in intensity, in marked contrast to that for the posthydrogenated styrene-ring-d 5 /Si(100) sample, which is at about the same intensity as the styrene-d 8 /Si(100) sample without H postexposure (Figure 7b ). The increase in the D 2 desorption for the styrene-d 8 /Si(100) sample with H postexposure can therefore be attributed to hydrogen abstraction from the vinyl group.
It is of interest to note that the TDS profile has not revealed any higher masses than the parent mass (e.g., mass 114), which would correspond to desorption of hydrogenated products of the adsorbed styrene. However, the TDS profiles of lower masses such as mass 84 (benzene-d 6 ) and 83 (benzene-d 5 ) follow that of mass 112 (parent mass of styrene-d 8 ), which suggests that hydrogenation occurs primarily for the vinyl group of the adsorbed styrene (Figure 6 ). Furthermore, the "dangling" phenyl group of the adsorbed styrene appears to be not directly involved in bonding to the Si surface and also not reactive toward H atoms. The highly stable aromatic ring structure remains intact during the H postexposure and the subsequent thermal desorption process, which is also confirmed by the weaker mass 4 TDS profile for styrene-ring-d 5 relative to that for styrene-d 8 with H postexposure shown in Figure 7 . The posthydrogenation process is therefore site-selective and occurs at the vinyl group, likely via surface-mediated enhancement.
Widdra et al. 32 reported a similar elevation in the molecular desorption temperature (from 590 to 700 K) after a high H postexposure to Si(100)2×1 exposed with ethylene. The 1,2-ethanediyl adspecies is believed to undergo hydrogenation upon high exposure of H atoms to form a surface ethyl species by breaking a Si-C σ-bond [and the (2×1) reconstruction]. Further stabilization of the ethyl-Si structure is also obtained by blocking reactive sites for both molecular desorption and decomposition pathways. 32 In the case of the styrene/Si(100)2×1 system, the adsorption is found to primarily involve a vinylbonded adspecies, with molecular desorption maxima found at similar temperatures for both the 2×1 and posthydrogenated sample as that for ethylene/Si(100)2×1. 32 A similar mechanism for the corresponding surface thermal chemistry could therefore be used to explain the TDS spectra in Figure 6 (and Figure 7) , with the difference in the replacement of a H atom with a phenyl group on the ethylene molecule. Figure 8 shows a proposed model for the thermal evolution of styrene-d 8 upon molecular adsorption on Si(100)2×1 at RT followed by H postexposure. Structure I illustrates the initial molecular adsorption of styrene-d 8 involving the saturation of the π bond in the vinyl group by the dangling bonds of the Si dimer and the formation of di-σ-bonded phenylethane-1,2-diyl adspecies as the [2 + 2] cycloaddition product. 37 As confirmed by the observed LEED pattern, such type of interaction does not significantly affect the (2×1) surface structure, which can be recovered upon molecular desorption near 560 K (II). Postexposure of H is believed to saturate the remaining "outside" dangling bonds of the Si dimer that are already di-σ-bonded to styrene-d 8 (III). At higher exposures, H atoms could not only attack one of the σ-bonds of the adsorbed styrene to form phenylethyl adspecies (IV) but also saturate the vacated dangling bond site, disrupting the (2×1) reconstruction and generating the observed (1×1) LEED pattern. The adsorbed H is stable up to the recombinative desorption temperature of H from silicon dihydride (∼680 K). In the absence of coadsorbed hydrogen at the silicon dihydride sites, an ethyl adspecies was reported to further decompose into ethylene and hydrogen in effect by insertion of a Si dimer atom at 600 K. 58, 59 This decomposition pathway could be hindered by hydrogen occupation on the dihydride sites, which blocks the reactive neighboring sites during H postexposure, and could become available only upon annealing to 680 K. A similar mechanism could apply to the phenylethyl adspecies on Si(100), if one of the hydrogens on the adsorbed ethyl group is replaced by a phenyl group.
After the neighboring dangling bond sites have been vacated by recombinative desorption of H 2 upon annealing to 680 K, the single-σ-bonded phenylethyl adspecies (V) could undergo three possible processes upon further annealing. The phenylethyl adspecies could reoccupy the adjacent dangling bond site by an insertion reaction of a neighboring Si atom either into the C -Η bond to form a di-σ-bonded phenylethane-1,2-diyl adspecies (VI) in process a or into C -phenyl bond to produce a di-σ-bonded ethane-1,2-diyl adspecies (VII) with a mono-σ-bonded phenyl adspecies in process b. Because the temperature (680 K) is already higher than the molecular desorption temperatures of styrene (560 K, Figure 6 ) and of ethylene (560 K), 32 once the surface hydrogen atoms begin to desorb, the asformed di-σ-bonded phenylethane-1,2-diyl adspecies in a [2 + 2] geometry (VI) in process a and the ethane-1,2-diyl adspecies (VII) in process b would be expected to undergo immediate desorption, which accounts for the slightly higher desorption maxima of mass 112 (parent mass of styrene) and mass 31 (C 2 D 3 H) (not shown) at 700 K. In process b the phenyl group (VIII) recombines with a neighboring H on a dihydride site and desorbs as benzene (C 6 D 5 H, mass 83) at 750 K. Because the formation of benzene involves the surface reconstruction from a phase consisting of a mixture of monohydride and dihydride (i.e., a 3×1 structure with alternating dihydride and monohydride-dimer rows) to a phase with just monohydride (i.e., a 2×1 structure), the corresponding temperature of benzene formation and desorption is therefore expected to be between the H desorption temperatures for dihydride (680 K) and monohydride (800 K), which is in accord with the observed TDS maximum of mass 83 at 750 K. Finally, when the empty dangling bond sites of the single-σ-bonded phenylethyl adspecies (V) have been converted to a monohydride dimer after reacting with one of its neighboring dihydride in process c, the resulting phenylethyl adspecies (IX) could undergo similar pathways as in processes a and b. In particular, upon further annealing to 750 K in process c, the recombinative desorption of H 2 involving H atoms from a dihydride and a monohydride would induce similar Si insertion reactions in the formation of metastable di-σ-bonded phenylethane-1,2-diyl adspecies (X) and ethane-1,2-diyl adspecies (XI) that lead to desorption of styrene and ethylene, respectively. It should be noted that the difference in the H 2 recombinative desorption temperature is due to H evolution from a dihydride pair (680 K) and from a dihydridemonohydride pair (750 K). Following these three reaction pathways (a-c), the remaining hydrocarbons on the surface may undergo further decomposition into silicon carbide while the remaining H, present in the form of monohydride (on the Si dimer), could undergo recombinative desorption at 800 K. The observation of the dihydride-monohydride feature (at 750 K) is of interest because even though such a feature could exist for the H-terminated Si(100) surface, it would likely be obscured by the strong overlapping monohydride feature.
Conclusions
The adsorption and thermal reactions of styrene-d 8 on the 2×1 and modified Si(100) surfaces have been investigated by using TDS, AES, and LEED. At RT, the saturation coverage of styrene on Si(100)2×1 is found to be nearly identical to that of ethylene, i.e., 0.5 ML (one styrene for every surface Si dimer), and it appears to have little effect on the (2×1) LEED pattern of the Si(100) surface. Chemisorption occurs primarily by bonding through the vinyl group, with only 15% of the adsorbed styrene involving bonding through the phenyl group. Upon annealing, the adsorbate is found to undergo several plausible reactions, including molecular desorption, hydrogen abstraction, fragmentation, and/or condensation oligomerization. Similar to pyridine/Si(100)2×1, 40 the elevation of the TDS maximum for recombinative desorption involving H from the phenyl group after electron irradiation on styrene/Si(100)2×1 also suggests electron-induced oligomerization at RT.
The surface roughness of the sputtered Si surface generally provides more adsorption states and opens up new thermal dissociation pathways resulting in less molecular desorption. On the oxidized Si(100) surface, considerably reduced molecular desorption and diminished hydrogen abstraction from the vinyl group are observed, while CO production and condensation oligomerization near 1000 K are found to be plausible. Furthermore, saturation exposure of atomic H totally passivates the Si(100)2×1 surface, producing a 1×1 surface that is inert to styrene adsorption.
High postexposure of atomic hydrogen is found to stabilize the adsorption on Si(100)2×1 by transforming the di-σ vinylbonded cycloaddition structure of styrene (phenylethane-1,2-diyl adspecies) into a substitution adsorption structure of phenylethyl adspecies. Given the stability of the aromatic ring structure and the lack of direct bonding with the Si substrate, it is not surprising that the "dangling" phenyl group remains intact upon H postexposure at RT. Driven by thermal diffusion and desorption of hydrogen upon annealing, surface-mediated reforming of the resulting adspecies and evolution of ethylene and benzene were observed, likely from dihydride and monohydride structures. Hydrogen therefore appears to play an important role in affecting the outcome of different chemical processes on the Si(100) surfaces.
In summary, the two functional groups (vinyl and phenyl groups) in styrene are found to exhibit different selectivity toward RT chemisorption on Si(100)2×1. In addition to different surface conditions, remarkably different surface chemical processes have been observed and could effectively be controlled on the 2×1 surface thermally and by low-energy electron irradiation and posthydrogenation.
